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ABSTRACT I 
The ran e and energy loss r a t e  f o r  the  ions 'H, %e, 12C, l6O, 
2%e, 2951, &op.., S F e ,  and 84K a r e  given i n  the energy/nucleon in- 
t e r v a l  0.1 - 1200 MeV/amu. 
stopping materials cellulose n i t ra te ,  cellulose acetate  butyrate, 
HBpaIT polyester, Lexan, EZylar, muscovite and phlogopite mica, soda 
l i m e  and 2hosphate g lass  and olivine. The values fo r  a given stopping 
material  can be extended t o  other materials w i t h  similar values of the 
mean exci ta t ion potent ia l  by simple scaling. The computation involved 
a published mathematical method which was modified and extended t o  
lower energies. 
These quant i t ies  a re  tabulated f o r  the 
SUMMARY 
!the Problem 
A new f ie ld  of dosimetry has been developed using so l id  state 
materials t o  detect  heavy charged nuclear par t ic les .  
energy loss data pertinent t o  the investigation and the  use of these 
new detectors has not been thoroughly presented i n  the  l i t e ra ture ,  
thus creating a need fo r  a machine computation of t h i s  information. 
Ihe range and 
The Findings 
Computed values of the range and energy loss  f o r  a wide spectrum 
of par t ic les  and pa r t i c l e  energies i s  presented f o r  the  most commonly 
used detecting materials. 
f o r  so l id  s t a t e  detecting materials is  made by comparison of the com- 
puted resu l t s  w i t h  experimental r e su l t s  f o r  more common materials. 
An estimation of the  accuracy of the r e su l t s  
ii 
INTRODUCTION 
The recent development and use of sol id-s ta te  nuclear track 
detectors i n  a var ie ty  of applications i n  nuclear physics and dosimetry 
has created a need f o r  accurate range-energy and energy loss relations.’-5 
Tracks are  delineated i n  these materials as a re su l t  of a preferent ia l  
removal, by etching, of t h e  high chemical reac t iv i ty  material along the 
pa r t i c l e  t ra jectory.  
Range-energy relat ions and the associated derivative relat ions of 
dE/dx - energy have been measured and calculated extensively f o r  protons 
and alpha par t ic les  i n  many common materials. 
so l id  s t a t e  detecting materials, such a cellulose ni t ra te ,  Lexan, and 
Mica do not have comprehensive range-energy data available. 
information is  essent ia l  f o r  the investigation of the properties of 
these detectors since: 
c r i t i c a l  ro le  i n  par t ic le  regis t ra t ion efficiency and (2)  t h e  length of 
tracks, location of m a x i m  energy deposition, etc., are  dependent upon 
the ranges of par t ic les .  
However, many of the 
Such 
(1) t h e  energy loss rate, (dF,/dx), plays a 
It is  the goal of t h i s  report t o  provide range-energy relat ions f o r  
a wide var ie ty  of par t ic les  and ab road  energy spectrum. 
energy, heavy par t ic les  th i s  has o n l y  been achieved, hayever, by 
sacr i f ic ing  a cer ta in  mount of accuracy. 
For very low 
1 
METHOD OF CALCULATION 
J 
J 
Tb achieve a broad coverage of the spectrum of par t ic les ,  
energies, and stopping materi 6,  t he  f i t s  t o  range-energy data 
published by Barkas  and Berger have been modified and extended t o  
lower energies. Pa r t i c l e  ranges i n  gm/cm and energy l o s s  rates i n  
MeV cm2/gm a re  calculated as functions of t h e  four parameters, A/Z, 
z, and E. The r a t i o  A/Z is the  atomic mass per e lectron of t he  
is  the  mean value of the  Iadj 9 stopping material i n  amu/electron; I~ 
ionization energy f o r  the stopping material adjusted by ssuming t h a t  
t h e  s h e l l  correction f o r  r e l a t i v i s t i c  p a r t i c l e s  is  zero;' z and E 
axe the  atomic number and energy of the  incident ion. The w t i t y  
A/Z can be c culated f o r  - . a rb i t ra ry  stopping material, and if 
2 
% 
ad3 Brag@;'; rule e is assumed, I can a lso  be calculated f o r  t h i s  material. 
For a veloci ty  of Pc t he  range, R, of a p a r t i c l e  of m a s s  M and 
charge z r e l a t ive  t o  a proton is  given by: 
1 .- 
1 
For the stopping material i n  question 
proton w i t h  veloci ty  Bc, and Bz(p) i s  t h e  extension of the  range 
caused by the neutral izat ion of t he  moving ion 's  charge by charge 
pick-up near the  stopping end of the  t ra jectory.  An ideal proton 
is  en t i r e ly  ionized during the energy l o s s  process i n  contrast  t o  
an ac tua l  proton which incurs charge pick-up. 'Ihe subscript, 2, on 
BZ@) indicates t ha t  the  range extension is  dependent upon t h e  atomic 
number of the  moving ion. 
i s  the  range of an ideal 
Barlcas and Berger have made f i t s  f o r  A of the  form: 
A log  A = log z + L % (log 1 ~ ) "  ( log  E)" , 2 
where E i s  the  energy of t he  proton corresponding t o  veloci ty  f3c. 
The quoted regions of v a l i d i t y  of t h e i r  two f i ts  are 1 - 9 MeV and 
2 
J 
7 - 1200 MeV. ?hey represent BZ(B)  by a l i n e a r  function of $ f o r  
- 1378 < 2.0 and an asymptotic value independent of $ f o r  7 1378 > 2.0. 
z 
me representation of Barkas and Berger has been modified as 
follows : 
1. A l e a s t  squares f i t  of the form given above (Equation 2 )  w a s  
made t o  al l  of the  low energy range-energy points given by Whaling7 up 
t o  0.95 MeV a l so  points from t h e  f i t  of Barkas and Berger at 1, 2, and 
3 MeV were included t o  insure a smooth connection i n  t h i s  region. me 
ideal proton's range was calculated by subtracting the range extension 
from t h e  real range. 
2. The f i t s  i n  the  different energy ranges have been connected at 
t h e  appropriate points, functions of Idj, which provide a minimum 
discont inui ty  i n  both A and i t s  derivative. 
3. me range extension expression f o r  emulsion measured by 
Hechan, e t  al.! and Henke and Bentong has been scaled t o  other materials 
t o  provide a smooth replacement of the B,($) given. This was achieved 
by scal ing the range extension f o r  emulsion t o  correspond t o  the  
extension given by Barkas and Berger i n  the  asymptotic, high energy 
region. 
qu i te  w e l l  with B, given by Barkas and Berger; the scaled emulsion range 
extension, however, has a continuous f irst  derivative, which is the  
requirement f o r  continuity i n  the calculated energy loss r a t e  curve. 
I n  the lower energy region the  scaled emulsion expression agrees 
me values of Iaaj a r e  those recommended by the  National Academy of 
Sciences subcommittee on penetration of charged pa r t i c l e s  .lo In  materials 
f o r  which Iaq i s  not l i s t e d  it i s  calculated assuming the  va l id i ty  of 
Bragg's r u l e  of the  addi t iv i ty  of stopping ef fec ts .  I n  t h i s  case the 
lad$ f o r  the consti tuent ions i n  the compound form i s  used when it i s  
l is  ed; otherwise Iaq is computed from a f i t  t o  the recommended values 
of Im This function, Iadj( Z), is given by Barkas and Berger. 6 
J 
3 
DISCUSSION 
The R.M.S.  dispersions of t h e  input range energy points about the 
computed points  for  the  high (7 - 1200 MeV/nuc.) and medium 
(1 - 9 MeV/nuc . ) energy regions are O.@ and 2% respectively.6 
high energy region the  spread of the stopping power values i s  1.3%. 
R.M.S. spread of Whaling's data about the computed values f o r  the low 
energy region axe given i n  Table I for  several values of the proton 
energy. 
For the 
Ihe 
'ke e r ro r  i n  the smoothed relat ions may be considerably smaller 
since the e r ro r  quoted laxgely represents fluctuation of the data, not 
t he  poorness of the fit. There are only 16 stopping materials 
however; hence the e r ror  of the smoothed curve probably exceeds 
the quoted spreads. 
da ta  about the s oothed relat ions seems to  be the integration constants 
used by Whaling.y H i s  range-energy curves were obtained by the  
integrat ion of energy loss  rate data. Another possible contributor is 
the  questionable practice of using I a a  as t he  smoothing parameter f o r  
t h i s  low energy region. 
A large contributor t o  the extreme spread of the 
The range extension, B,(B), is  given by the  following expression: 6 
3 
where z*e i s  the effective charge of the moving ion with atomic number 
Z. We obtain Bz(p) by scaling the corresponding experimental expression 
f o r  emulsion t o  other materials. It can be seen from Equation 3 t h a t  
t h i s  procedure relies on two assumptions: (1) t h e  effect ive charge, 
z*e, i s  only afunct ion off3 and z, not a function of the stopping 
material, (2) the proton range expression, X(f3), can be scaled f o r  
d i f fe ren t  stopping materials. 
The va l id i ty  of the f i r s t  assumption, t ha t  z*/z is independent of 
the  stopping material, seems t o  be demonstrated experimentally except f o r  
very low incident par t ic le  energy and very low stopping material density, 8 
The second assumption i s  approximately true f o r  small values of f3. 
Barkas and Berger have used the expression: 
4 i 
Table I 
SM00”ESS OF LOW ENERGY DATA 
Energy R.M.S. Spread i n  Range R.M.S. Spread i n  Energy 
(*v 1 $ Loss Rate ($) 
0.1 
0.2 
0.5 
1.0 
2.0 
28.2 
17.1 
8.5 
4.8 
4.4 
23.3 
14.5 
5.2 
2.3 
1.7 
5 
4 
W e  have retained the (1 + 0.121 Iadj 5/8) dependence of the range-energy 
re la t ion  and hence of B,, but have used the  experimental results fo r  
emulsion t o  obtain the universal function t h a t  i s  t o  be scaled. 
Deriving BZ i n  t h i s  fashion i s  an improvement over the use of the  
simplified analytic expression obtained from Equations 3 and 4, but 
s t i l l  does not take in to  account the s l ight  dependence of the  shape of 
the curve A(f3) upon the stopping material. 
introduced when I 
fo r  emulsion i f  B$l)/h(B) i s not small. 'Ibis s i tuat ion i s  encoun ered 
when f3 i s  small and 2 i s  large,  
Thus an e r ror  w i l l  be 
adJ of the material deviates s ignif icant ly  from I 
Various parameters fo r  the stopping materials f o r  which range-energy 
relat ions vere calculated are given i n  Table 11. The chemical formulae 
used a re  taken from Fleisher, e t  al.fl and may not be representative of 
a l l  the commercial materials available under a given name. The d i f f e r -  
ences are due t o  such factors  as the amount and type of p las t ic izers  
used, the degree of nitration, e tc  ., and the  method of sample preparation 
(solvents used, amount of drying, e tc .  ). 
For energies i n  excess of approximately 500 MeV/nuc. the probabili ty 
for  a nuclear interaction becomes significant.  In  such s i tuat ions the 
f u l l  range given i n  the table  m a y  not be achieved. The probabi l i t ies  f o r  
these ine l a s t i c  interactions f o r  protons have been calculated by Janni.12 
The energy loss r a t e  re la t ions have been obtained by taking the 
derivative of Equation 1. ' 3 2 s  procedure essentially reproduces the 
experimental data and f o r  lower energies has been considered superior t o  
using the equation: 
where z*(f3) is  the effective charge o f  the heavy ion 8 a n d ( s ) i s  
5 
c 
137 the energy lo s s  rate fo r  the idea l  proton. 
approaches give ident ical  resu l t s .  
For f3 > 2 t h e  two 
6 
Table I1 
PARAME!FERS OF THE STOPPING MATEBIALS 
_ _  
A/Z Composition 'adj Material 
Cellulose n i t r a t e  81.1 1.939 C6H8OgN2 
Cellulose acetate 63.4 1.833 ~2+3203 
butyrate 
Bisphenol-A poly- 69.5 1.896 C16H14O3 
carbonate (Lexan ) 
Polyethylene tereph- 73.2 1.913 Clg1607 
tha la te  (Mylar) 
i.iiscovitc mica 128.3 2.011 K A 1 2 S i 2 4 , ~ ( O H ) 2  
3 . J  
Soda l i m e  g lass  131.6 2,014 67Si0, : 14Na 20: 14Ca0: 5A1203 
Phosphate glass  196.8 2.138 ~ ~ P ~ O ~ : ~ ~ U O ~ : ~ A ~ ~ O ~ : ~ A ~ ~ O : ~ K ~ O  
Olivine 138.9 2.030 MgFeSi04 
7 
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RANGE AND ENERGY LOSS RATE TABLES 
I n  the following tables t h e  ranges i n  
gm/cm2 and the (dE/dx) values i n  MeV cm*/gm 
are l isted f o r  nine representative ions i n  
each stopping material. The in te rva ls  
between the forty-eight energy points have 
been chosen such t h a t  a l i nea r  interpolation 
contributes less than 1% error .  
of Iadj are  labeled by a non-subscripted I fo r  
typographical reasons. More places of 
precision are given than are s ignif icant  t o  
eliminate rounding er rors  and for the  sake of 
d i f f e ren t i a l  measurements. 
The values 
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